The gas-phase kinetics and mechanism of two channel hydrogen (H) abstraction reaction of methanol (CH 3 OH) by halogen monoxide (XO, X ¼ Cl, Br) radical has been investigated using theoretical approach.
Introduction
Methanol (CH 3 OH) is an oxygenated volatile liquid mostly used as common organic solvent in chemical laboratories and as fuel directly or as a fuel additive with gasoline. It is considered as an alternate fuel as it produces lesser air pollutants in combustion than gasoline. 1, 2 Methanol is the most abundant non-methane oxygenated volatile gas in the atmosphere with the estimated global emissions 3 up to 240 Tg per year. In atmosphere, the methanol emission sources includes the plant growth, biomass burning, biofuels, industry, vehicles, plant decay and atmospheric reactions. [3] [4] [5] The major sink of methanol released into the atmosphere is oxidation by the hydroxyl (OH) radical with atmospheric lifetime of about 10 days. 3 This comparatively longer lifetime may cause it to interact with other atmospheric species. Due to its large emission, it is important to know the fate of methanol in atmosphere.
The chlorinated or brominated species are important from both atmospheric and combustion chemistry point of view. In atmosphere halogen oxide radicals, XO (X ¼ Cl or Br) are formed from the reaction of halogen atom with ozone, heterogeneous oxidation of halogen atom or atmospheric degradation of X containing species (for example, formation of ClO from CFCs, CH 3 Cl). [6] [7] [8] Chlorine monoxide (ClO) is also detected at the same level of OH radical concentration near the surface of the burner in ammonium perchlorate combustion process in a hydrogen atmosphere at 1400 K. 9, 10 The O 2 -H 2 ame doped with X 2 shows the presence of XO radicals. 11, 12 There is no information regarding kinetics and mechanism of CH 3 OH + XO reaction. The increasing use of CH 3 OH as direct fuel or as a fuel additive enhances the presence of it in the atmosphere, thereby augments the signicance of this study.
The presence of two nonequivalent hydrogen (H) atoms in CH 3 OH leads to the formation of two structural isomers, methoxy (CH 3 O) or hydroxymethyl (CH 2 OH), which are the product radicals. These product radicals are produced by competitive hydroxyl H-abstraction or methyl H-abstraction reaction by XO radicals. In this study, the two possible H-abstraction reaction channels from CH 3 OH by XO radical to produce either CH 3 O or CH 2 OH radicals have been studied. The possible pathways are as follows: The present study focuses on comprehensive insight of two possible H-abstraction reactions, R1 to R4 of CH 3 OH with ClO and BrO radical using theoretical approach. The different thermodynamic and kinetic parameters of the individual pathways are also discussed over a wide temperature range and is required for atmospheric and combustion reaction modeling. The relative formations of the methoxy and hydroxymethyl radicals are emphasized by the branching ratios. The temperature dependence of branching ratios is important to understand the contribution of the two competitive pathways towards the overall rate constants. Theoretical studies of kinetics and mechanism of the reaction of CH 3 OH with ClO and BrO radicals is a necessary step which will aid experimentalist over a wide range of temperature.
Computational methods
Geometry optimization of the reactants (CH 3 OH, XO (X ¼ Cl, Br)), pre-and post-reactive molecular complexes (PreM and PostM respectively), transition states (TS), and product molecules (CH 3 O, CH 2 OH, HOX) involved in the H-abstraction reaction from CH 3 OH by XO radical were carried out employing the Minnesota hybrid meta density functional theory (DFT) level of M06-2X, 13, 14 and Dunning's correlationconsistent polarized valence triple-zeta, cc-pVTZ basis set. M06-2X functional is found to be good performer for main group chemistry, in predicting transition state geometry calculation and also performs well in calculating non-covalent interactions 15 and thermochemistry and kinetic parameters. 13, 14, 16 Frequency calculations of all the species were executed at the same level of theory to judge the stationary points on the potential energy surface as minima (NIMAG ¼ 0) or transition states (NIMAG ¼ 1). In case of the transition states, the corresponding bond breaking and forming is reected by the presence of one imaginary frequency associated with it. Intrinsic reaction coordinate (IRC) 17, 18 analyses were performed at the same level of theory to obtain the minimum energy path (MEP) of the reactions and to ascertain whether the transition states connect different local minima along the reaction path. Based on the M06-2X/cc-pVTZ optimized structures, the potential energy surface of the titled reaction was rened with single point energy calculation at high level coupled cluster method with single and double excitations and perturbative triples, CCSD(T)/cc-pVTZ. The zero-point energies (ZPE) obtained at M06-2X/cc-pVTZ was added to CCSD(T)/cc-pVTZ energies to obtain the different ZPE corrected energies. All reported calculations were performed employing Gaussian 09 package of programs 19 and GaussView 5.0.9 soware 20 was used for the visualization of molecular structures, orbitals and vibrational motions. The spin expectation value, hS 2 i, at M06-2X level for all doublet systems remained in the range of 0.75-1.00. So, spin contamination was negligible during the progress of the reaction via four different reaction paths R1, R2, R3 and R4. PreMs were found at the entrance channel of the reaction and PostMs were at the exit channel of the reaction. The PreM and PostM complexes have all real frequencies.
The reaction rates were evaluated using canonical variational transition state theory (CVT) 21 with the inclusion of unsymmetrical one dimensional tunneling correction by Eckart 22 over the temperature range 200-2500 K. The rate constants were computed using KISTHELP 23 program. The CVT rate constant, k CVT (T) is estimated by minimizing generalized transition state 24 rate constant, k GT (T,s) with respect to reaction coordinate s. s represents the distance along the MEP from the saddle point. Thus, k CVT (T) with the Eckart tunneling correction c(T) is given by
here, k b is the Boltzmann's constant, T is the temperature, h is the Planck's constant, N A is Avogadro's number, V # is potential energy barrier including ZPE correction. s is the symmetry factor which denotes the reaction path degeneracy. s is 1 and 3 respectively for H-abstraction from hydroxyl group (path 1) and methyl group (path 2) of CH 3 OH. Q TS and Q R are total partition function of the TS and reactants per unit volume. The total partition function terms are consisted of translational, electronic, rotational and vibrational partition functions. Rigidrotor harmonic oscillator approximation has been used. The low frequency torsional modes of the reactants and the transition states have been treated using hindered rotor approximation while calculating their contribution to the partition functions. Relaxed potential energy scan at M06-2X/cc-pVTZ using the optimized structures at same level have been performed for the low frequency torsional modes to calculate corresponding rotational barrier height of internal rotation. As in our previous study, 25 the rate constant expression does not contain the energy of the molecular complexes and the same argument is applied here. Spin-orbit effect is important in case of halogen atoms. 26, 27 The spin-orbit correction of À0.92 kcal per mol for ClO 28 and À2.79 kcal per mol for BrO 29 were taken into account. The potential energies of ClO radical and pre-reactive molecular complexes (PreM11, PreM12) involving ClO are associated with the spin-orbit correction of À0.92 kcal per mol while BrO and BrO related pre-reactive molecular complexes (PreM21, PreM22) are having À2.79 kcal per mol spin-orbit correction value.
The bonding features of different stationary points on potential energy surface of CH 3 OH + XO (X ¼ Cl, Br) reaction were studied in terms of electronic density at M06-2X/cc-pVTZ using atoms in molecules (AIM) approach by Bader 30, 31 as implemented in AIMALL suite of program. 32 The wave function required for AIM calculation was generated from Gaussian 09.
Results and discussions

Geometries and vibrational frequencies of the stationary points
The detailed Cartesian coordinates of the optimized reactants, pre-reactive (PreM) and post-reactive (PostM) molecular complexes, transition states (TS) and product radicals at M06-2X/cc-pVTZ level of theory are given in ESI Table 1 † and additional structural parameters in ESI Fig. 1 . † The schematic representation of the two H-abstraction reaction pathways from CH 3 OH by XO radical is shown in Fig. 1 and related structural parameters at M06-2X/cc-pVTZ are reported in Table 1 . The potential energy surface of the reactions R1 to R4 with zero point energy correction at CCSD(T)/cc-pVTZ//MO6-2X/cc-pVTZ is shown in Fig. 2 and 3. Table 2 shows calculated rotational constants and the vibrational frequencies of different stationary points at M06-2X/cc-pVTZ. The electron density, r at bond critical points (BCP) of the chemical bonds (intra or inter) present in all corresponding stationary points of CH 3 OH + XO (X ¼ Cl, Br) reaction is summarized in Table 3 .
CH 3 OH + ClO reaction (R1, R2). The equilibrium geometry of CH 3 OH is C s symmetry and it has two types of non-equivalent H-atoms. Two transition states CH 3 O/H/OCl (TS11) and ClO/H/CH 2 OH (TS12) corresponds to the reaction path R1 and R2 ( Fig. 2 ) respectively were found along the H-abstraction reaction of CH 3 OH with ClO radical. These two reactions occur by the participation of oxygen atom in ClO radical with the two non-equivalent hydrogen atoms of CH 3 OH. The methyl group orientation results in only one type of transition state TS12 for either syn or anti H-abstraction of the methyl group with respect to hydroxyl group orientation. From Table 2 , it is observed that the two transition states, TS11 and TS12, are characterized by imaginary frequencies of 1946i cm À1 and 1250i cm À1 respectively. These imaginary frequencies correspond to the vibration of the molecule along its reaction pathway. The movement of hydrogen atom between O 1 and O 2 in TS11 and between C and O 2 in TS12 leads to the product formation. Table 3 shows the electron density, r of different chemical bonds in TS11 and TS12. The r value for O 1 -H 0 bond breaking and H 0 -O 2 bond formation in TS11 are 0.176 au and 0.202 au respectively, whereas in TS12, breaking C-H 1 and formation of H 1 -O 2 bonds has electron density values of 0.196 au and 0.131 au respectively. The bonding analysis also shows the presence of other intermolecular bonds namely, H-bonding of Cl-H 1 in TS11 and halogen bonding 33, 34 of Cl-O 1 in TS12. The L-parameter 35 which is the ratio of the increase in the bond length being broken over the increase in the bond length being formed is helpful in nding whether the transition state has reactant-like or product-like characteristics. The value of L more than 1 represents a product like TS and less than 1 represents reactant like TS. From Table 1 , it is observed that for the reaction CH 3 OH + ClO, the estimated L value is more than 1 along the reaction path R1 and is less than 1 along the path R2. Thus, TS11 is product-like transition state and TS12 is reactant-like transition state. In TS11, O 1 -H 0 bond increases by 24% (¼ 0.226Å) compared to O 1 -H 0 bond in the isolated CH 3 R1 leads to the formation of methoxy radical by the Habstraction from the hydroxyl group of CH 3 OH whereas R2 path gives hydroxymethyl radical results from the methyl group H-abstraction of CH 3 OH. These two reaction pathways are associated with the formation of H-bonded pre-and post-reactive molecular complex on the potential energy surface connected by the transition states. These molecular complexes are characterized by all real frequencies (NIMAG ¼ 0). Table 3 displays the different intra and intermolecular bond density present in these molecular complexes which are favored by the formation of intermolecular H-bonding or halogen bonding. The pre-reactive complex CH 3 Table 1 . The attack of BrO radical on the hydroxyl H-abstraction (R3) corresponds to transition state, CH 3 O/H/OBr (TS21) and attack on the methyl H-abstraction (R4) corresponds to the transition state, BrO/H/CH 2 OH (TS22). The respective potential energy surface for R3 and R4 pathways are shown in Fig. 3 and corresponding bond breaking and bond forming densities are reported in Table 3 . From the listed value in From the potential energy surface of CH 3 OH + BrO reaction, it is noticed that the TS is connected to the loosely bound PreM in the backward direction and PostM in the forward direction. It can be observed from the bonding density in Table 3 , that the molecular complexes associated with CH 3 OH + BrO reaction are Table 1 Structural parameters (r1, r2 are inÅ and a1, q, f are in degrees) of the molecular complexes and transition states for the two different pathways for the reaction of CH 3 
Energetics
The different kinetic and thermodynamic parameters for all the species involved in CH 3 OH + ClO (R1, R2) and CH 3 OH + BrO (R3, R4) reactions at CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ are given in Tables 4 and 5 . All these parameters are ZPE and spin-orbit corrected. Table 4 includes the adiabatic barrier height (DE # 0 ), enthalpy of activation (DH # 0 ), Gibbs free energy of activation (DG # 0 ), enthalpy of reaction (DrH 0 ), reaction free energies (DrG 0 ), entropy (DS 0 ) and total potential energies (DrE 0 ) of products relative to the reactants in the reaction of CH 3 OH with XO (X ¼ Cl, Br) radical calculated at 298.15 K. The reaction free energies of the hydroxyl H-abstraction reaction from CH 3 OH by both ClO (R1) and BrO (R3) radicals show that these pathways are endergonic reaction (DG > 0). In Table 4 , the calculated free energies of the reactions proceeding through R2 and R4 pathways for the methyl H-abstraction reaction from CH 3 OH by ClO and BrO radicals are À0.47 kcal per mol and À1.60 kcal per mol and thus these are exergonic reaction (DG < 0). At 298.15 K, reactions following R1, R2 pathways with ClO radical are endothermic along with the R3 reaction pathway with BrO radical (DH > 0). The reaction enthalpy for the methyl H-abstraction by BrO radical (R4) calculated at CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ is exothermic by a slight negative value of 0.47 kcal per mol. The adiabatic barrier height, DE # 0 calculated at CCSD(T)/cc-pVTZ// M06-2X/cc-pVTZ for all the pathways R1, R2, R3 and R4 including spin-orbit and ZPE correction are reported in Table 4 . This barrier height is found to be positive for both the possible Habstraction pathways with ClO and BrO radicals. In Table 4 , CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ computed barrier height relative to reactants are 13.31 kcal per mol, 8.81 kcal per mol, 12.52 kcal per mol and 8.35 kcal per mol for R1, R2, R3 and R4 respectively. From these barrier heights it may be gleaned that the reactions for hydroxyl H-abstraction (R1, R3) have higher barrier height than the methyl H-abstraction pathways (R2, R4). Table 5 reports the kinetic and thermodynamic parameters for the pre-reactive molecular complexes (PreM11, PreM12, PreM21, PreM22) and post-reactive molecular complexes (PostM11, PostM12, PostM21, PostM22) computed at CCSD(T)/cc-pVTZ// M06-2X/cc-pVTZ and 298.15 K. The XO (X ¼ Cl, Br) radical approaches CH 3 OH for H-abstraction from hydroxyl or methyl group and forms weak bonded intermolecular PreM complexes which are more stabilized than the reactants by an amount of 2.06 kcal per mol (PreM11), 1.11 kcal per mol (PreM12), 3.16 kcal per mol (PreM21) and 1.59 kcal per mol (PreM22). Post-reactive molecular complexes for R1 (PostM11) and R3 (PostM21) reactions show less stability when compared to reactants and for R3 (PostM12) and R4 (PostM22) are more stable than the reactants. At CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ all the post-reactive complexes on each potential energy surfaces are more stable than the products. From Fig. 2 and 3 , it is observed that the TSs are above the pre-reactive and post-reactive molecular complexes on the potential energy surface for all pathways. Table 6 reports the tted rate constant data at CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ for CH 3 OH + ClO (k R1 , k R2 ) and CH 3 OH + BrO (k R3 , k R4 ) reactions computed at different temperature within the range 200-2500 K. From Table 6 , it can Due to the presence of upward curvature, the calculated CVT rate constants were tted to the modied three parameter Arrhenius equation of the type k(T) ¼ AT n exp(ÀE a /RT) rather than two parameter Arrhenius equation and the plots are shown in Fig. 4 and in Table 7 
CH 3 OH + XO (X ¼ Cl, Br) reaction kinetics
In CH 3 OH, the C-H bond strength (¼ 94 kcal per mol) is lower than the O-H bond strength (¼ 104 kcal per mol). 36 For the temperature range under investigation, the H-abstraction from methyl group is dominated over the H-abstraction from hydroxyl group of CH 3 OH by ClO and BrO radicals. The overall rate constant k ov1 (¼ k R1 + k R2 ) and k ov2 (¼ k R3 + k R4 ) are also reported in Table 6 . At higher temperatures (>1000 K), hydroxyl H-abstraction reaction has some contribution towards the overall rate constants. The branching ratio (f), which is dened as the ratio for a particular pathway rate constant divided by the sum of rate constants for all parallel reaction pathways are also included in Table 6 and the plots are shown in Fig. 5 . These branching ratios are used to emphasize the importance of one pathway over the other one. It is necessary to know the branching ratio which is the indicator of preference of a pathway at different temperatures. At low temperature, the branching ratio for the reaction formation of CH 2 OH product radical is 100% with ClO radical. As the temperature increases, the reaction pathway contribution from CH 3 O product-radical formation reaction also increases. With the BrO radical, the branching ratio value for CH 2 OH product radical formation is found to be more than 90% at all temperatures for the entire temperature range studied. We have compared our results of studied reaction with the H-abstraction reaction from CH 3 OH by OH, Cl and Br radicals available in literature. For the H-abstraction reaction from CH 3 OH by hydroxyl (OH) radical, the rate constant following methyl H-abstraction was found to Table 6 CVT calculated rate constants (cm 3 Branching ratio, f (%) radicals. Substitution of H-atom of OH radical by halogen atoms makes it less reactive than either OH or X radicals. Where Cl shows larger rate of H-abstraction reaction than Br radical, ClO has lower rate constant value than BrO over the studied temperature range. For methyl H-abstraction reaction and overall rate of the reaction, CH 3 OH + Cl shows a noticeable difference from CH 3 OH + Br reaction. At lower temperature this difference is higher and as temperature increases the difference becomes smaller. From Fig. 6 , it is observed that the methyl H-abstraction and overall rate of the reaction shows smaller difference at lower temperatures in case of reaction of ClO and BrO when compared to the reaction of Cl and Br. Temperature has less effect on methyl H-abstraction by Cl radical due to the barrierless transition state but has more effect on the reaction of OH, Br, ClO and BrO radicals. Indeed, as temperature increases there is an increase in rate also. Experimental study on CH 3 OH + XO (X ¼ Cl, Br) is not known, there is available experimental data for the H-abstraction reaction from CH 3 OH by OH or halogen radicals using different experimental techniques like fast ow or laser photolysis-resonance uorescence. 37, 39, 40 The experimental study of CH 3 OH + XO (X ¼ Cl, Br) reaction can be attempted using these techniques and the present study will be helpful for analyzing the branching ratio of methoxy or hydroxymethyl radical formation at different temperature.
Conclusion
The kinetic and mechanism study of the two channel H-abstraction reaction of CH 3 OH + XO (X ¼ Cl, Br) was performed with the use of M06-2X and CCSD(T) level of theory combined with cc-pVTZ basis set. Pre-reactive and post-reactive molecular complexes were located at entrance and exit channel, respectively for CH 3 OH + ClO / CH 3 O + HOCl (R1), CH 3 OH + ClO / CH 2 OH + HOCl (R2), CH 3 OH + BrO / CH 3 O + HOBr (R3) and CH 3 OH + BrO / CH 2 OH + HOBr (R4) reactions. The potential energy surface of R1, R2, R3 and R4 reactions were obtained at CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ. The rate constants for all the reactions were calculated using canonical variational transition state theory with unsymmetrical Eckart tunneling correction. The calculated rate constants were tted to modied three parameters Arrhenius equation for all the reaction pathways. At CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ, the rate constant associated with the hydroxymethyl radical formation was found to be higher than the methoxy radical formation for both ClO and BrO radicals for the entire temperature range of 200-2500 K. The importance of formation of one product over the other was analyzed by calculating the branching ratio.
